PRIMARY SALIVA SECRETION MECHA-NISM
Secretion of the primary saliva fluid takes place in the secretory endpieces, also called acinar cells.
There is a functional coupling mechanism between salt and fluid secretory processes. Ion channels and transporters expressed at the apical and basolateral membranes of the secretory cells play a key role in fluid secretion, their coordinated activity promotes a vectorial ion transport in the secretory direction, from the serosal (basolateral) to luminal (apical) side. An osmotic gradient is established upon ion secretion, thus promoting the transcellular movement of water through aquaporin 5 (Aqp5), the major water channel expressed in the apical membrane of secretory acinar cells. Consistent with transcellular water movement playing a major role in this process, fluid secretion and acinar cell volume regulation are dramatically impaired in mice lacking Aqp5 (3, 4). However, some contribution of a parallel, paracellular-driven water secretion mechanism cannot be ruled out (5, 6).
Water movement in salivary glands requires Cl --secretion (7-9). Cl --is secreted transcellularly by acinar cells, which indicates that Cl ---transporting proteins expressed at the basolateral membrane must accumulate intracellular Cl --above its equilibrium potential. The basolateral Na + -K + -2 Cl --cotransporter encoded by the Nkcc1 gene (Slc12a2) is the main Cl ---concentrative component. Accordingly, fluid secretion is severely impaired (more than 70%) in salivary glands of mice lacking the Nkcc1 cotransporter (10). The residual fluid secretion observed in the Nkcc1 --/--mice is HCO3 ---dependent, suggesting that there is a second Cl -concentrating mechanism. This alternative Cl --uptake mechanism is dependent on the coordinated activities of the basolateral Na --exchangers. Salivary gland fluid secretion is reduced by about 30% in mice lacking the basolateral Na + /H + exchanger Nhe1, supporting the physiological significance of the HCO3 ---dependent fluid secretion mechanism (11). The molecular identity of the basolateral Cl --/HCO3
--exchanger involved in this process has not been directly demonstrated, but it is most likely encoded by the Ae2 gene (12).
Acinar cell Cl --influx across the basolateral membrane is energized by the Na + electrochemical gradient. The Na + , K + ATPase, which is highly expressed in the basolateral membrane of salivary glands secretory cells, maintains an inward-directed Na + electrochemical gradient. --/--knockout mice, suggesting that these channels do not play a major role in salivary gland fluid secretion (15, 16 and unpublished results). The molecular identification of the apical Cl --channel mediating Cl --secretion has been a major focus of the salivary gland research field for a number of years. Tmem16A, a Ca 2+ -activated Cl --channel highly expressed in several epithelia, including the salivary glands, was recently cloned and functionally characterized. The results from this study strongly suggest that the native CaCC expressed in salivary gland tissue is encoded by the TMEM16A gene (17) . Unfortunately, mice lacking TMEM16A channels die a few days after birth apparently because of an airway malformation, making functional experiments to test the fluid secretion mechanism in adult salivary glands impossible (18) . Using an alternative approach to modify expression, in vivo knockdown of Tmem16A by siRNA silencing resulted in a modest reduction in fluid secretion in mice (17) . Moreover, we have demonstrated that a Ca 2+ -dependent Cl --conductance is the main Cl --conductance in mouse, rat and human acinar cells (15, 19, 20 (21) . Surprisingly, salivary gland fluid secretion was not affected in mice lacking either the IK1 channel or the Slo channel (22, 23) . In contrast, fluid secretion was severely impaired in mice lacking both IK1 and Slo channels, suggesting that either type of K + channel can independently support fluid secretion (23) .
PRIMARY SALIVA IS MODIFIED BY SALI-VARY GLAND DUCTS
The final ionic composition of saliva is the result of transport processes in the acini as well as the ducts system. Salivary gland ducts are composed of several different cell types and their composition differs between salivary glands. Basically there are three main types of ducts in salivary glands : intercalated, striated and excretory ducts. Intercalated and striated ducts are intralobular and excretory ducts are primarily extralobular. A comparison of the ion composition and osmolality of the saliva collected in intralobular and extralobular ducts suggests that the NaCl reabsorption takes place in both intra and extralobular ducts (2, 24-26). Fig. 3 summarizes the ion channels and transporters involved in salivary gland ductal function.
It has been proposed that the epithelial Na + channel ENaC, which is expressed in the apical membrane of salivary gland ducts, plays a key role in ductal Na + reabsorption. ENaC blockade by low doses of amiloride (10 μM) impaired Na + reabsorption as well as the transepithelial potential difference in the main duct of the rat submandibular gland (27) . The functional expression of ENaC was also demonstrated at the single cell level by whole-cell recordings in intralobular duct cells isolated from the mouse submandibular gland (28). A Na + /H + exchanger expressed at the apical membrane of salivary gland duct cells is also thought to be involved in the Na + reabsorption process (29) . Immunolocalization studies performed in both rat and mouse salivary glands show that the Na + /H + exchangers Nhe2 and Nhe3 are expressed in the apical pole of duct cells (11, 30). However, Na + reabsorption is not impaired in mice lacking either Nhe2 or Nhe3 (11). Together, the experimental evidence strongly suggests that ENaC Na + channels are the main molecular component involved in Na + reabsorption by the salivary gland duct epithelium. Cl --is also actively reabsorbed in salivary gland ducts. Apical Cl --channels and Cl --/HCO3 --exchangers have been postulated to mediate Cl --reabsorption in salivary gland duct epithelium (29) . The Cl --channel Cftr, which is mutated in the disease cystic fibrosis (CF), appears to play a key role in Cl --reabsorption. Cftr is expressed in the apical membrane of rat and mouse submandibular gland ducts (31, 32) . It has been postulated that Cftr is involved in Cl --reabsorption by modulating the activity of an apical Cl --/HCO3
--exchanger, the activity of which is severely impaired in ducts from the mice expressing the most common CF mutation (DF508) (31) . It has been suggested that the apical Cl --/HCO3
--exchanger in the mouse parotid gland is encoded by the Slc26a6 gene (33) .
The K + concentration of saliva is higher than the concentration found in plasma. K + is secreted in response to secretagogues by intra and extralobular salivary gland ducts (2, 24 -26). Apical K + /H + exchangers, K + -HCO3 --cotransporters have been suggested to play a role in K + secretion (29) . Recently, it was demonstrated that K + secretion is severely impaired in mice lacking Slo K + channels (34, 35). A similar effect was obtained upon pharmacological Slo channel blockade with paxilline, a Slo-selective blocker. On the other hand, the same study demonstrated, using a perfused ex vivo mouse submandibular gland, that the K + secretion process is not dependent on HCO3
--secretion, suggesting that neither a K + /H + exchanger nor a K + -HCO3 --cotransporter is involved in K + secretion (34). Taken together, the experimental evidence suggests that most K + secretion requires the functional presence of Slo K + channels. 
